Three-dimensional simulations of pyrolytic laser direct writing from gas-phase precursors are presented. They are based on a fast method for the calculation of temperature distributions induced by an energy beam in deposits of arbitrary shape. Analytical approximations, fast Fourier transform, and the multigrid technique are combined in the algorithm. Temperature dependences of the absorptivities and heat conductivities of the deposit and the substrate have been taken into account. Self-consistent modeling of the growth process allows one to explain oscillations in the height and width of lines caused by the feedback between the shape of the deposit, the temperature distribution, and the growth rate. For the deposition of W from an admixture of WCl 6 ϩH 2 and a-SiO 2 substrates, the oscillations originate from a sharp increase in the absorptivity of the deposit with temperature. With the deposition of Si from SiH 4 , or C from CH 4 , C 2 H 2 , and C 2 H 4 , onto a-SiO 2 , the oscillations are related to the large ratio of height/width of the deposit and the increase in temperature on its upper surface. This increase also explains the transition from line-type to fiber-type growth. The hysteresis of this transition with respect to laser power and scanning velocity is explained as well. The same algorithm can be used in the modeling of pyrolytic etching and e-beam microprocessing when the feedback between the temperature distributions and changes in the processing geometry is important.
I. INTRODUCTION
Pyrolytic laser-assisted chemical vapor deposition ͑LCVD͒ has attracted attention in the last decade as a versatile tool for micromechanics and microdevice fabrication, wiring, customization and repair of interconnects, etc. 1, 2 Deposition of many materials onto various substrates has been reported. 1, 2 Different types of so-called noncoherent structures ͑not related to light interference phenomena͒ were observed. [3] [4] [5] [6] [7] [8] The understanding of these structures, as well as the self-consistent description of the pyrolytic LCVD itself require a knowledge of the laser-induced temperature distribution and the modeling of the growth process. In situ temperature measurements are difficult to perform, 9 mainly due to the small size of the reaction zone. Thus, model calculations become quite useful. Here, however, the following problem arises. The presence of the deposit may change the temperature distribution drastically, especially if the deposit is ''thick'' ͑with a large height/width ratio͒ and its thermal conductivity is much higher than that of the substrate. This is often the case for the deposition of metals or semiconductors on insulators. Therefore, any realistic modeling of pyrolytic LCVD should include the ͑time-dependent͒ influence of the deposited material on the temperature distribution.
Laser-induced temperature distributions for regular geometries can, in many cases, be calculated analytically. 1, 10, 11 For a fixed geometry of the deposit, a number of numerical studies have been performed. 12, 13 Self-consistent treatments of laser direct writing, which combine temperature and growth rate calculations, have been performed numerically 14 and on the basis of a simplified one-dimensional ͑1D͒ model. 15, 16 In Ref. 17 , we proposed a fast algorithm for the calculation of temperature distributions within arbitrarily shaped deposits. Temperature distributions in deposits such as dots and lines were calculated, and the growth process was simulated. In the present article, we apply this algorithm to realistic deposits. Several types of noncoherent oscillations and instabilities observed in laser direct writing are explained.
II. NUMERICAL PROCEDURE
Let us first enumerate the main ideas of the algorithm 17 for fast calculations of temperature distributions within deposits growing on semi-infinite substrates.
The temperature distribution at each moment is calculated from the stationary heat conduction equation. This is practically always justified in microprocessing. The temperature dependence of the heat conductivities is eliminated by introducing linearized temperatures S ͑for the substrate͒ and D ͑for the deposit͒ via the Kirchhoff transform, which eliminates temperature-dependent heat conductivities K(T) from the stationary heat conduction equations. 1, 17 Then, the Poisson equation for the semi-infinite substrate and the deposit must be solved. The Green's function technique allows one to relate analytically S at the surface of the semi-infinite substrate and its derivative along the normal to this surface. The heat equation for the nonplanar deposit is integrated in the direction perpendicular to the substrate surface with two different weight functions. This results in two equations for the moments of the temperature distribution D . In a first approximation, this procedure describes a thermally thin deposit. A more refined approach takes into account temperature differences within the deposit and allows one to write a nonlinear integrodifferential equation for the temperatures at the substrate-deposit and deposit-ambient interfaces only, a͒ Electronic mail: nikita.arnold@jk.uni_linz.ac.at i.e., equations for two-dimensional ͑2D͒ functions, instead of three-dimensional functions as in the initial problem. Besides, the integrals in these equations have the form of 2D convolutions; this permits the use of fast Fourier transform ͑FFT͒ techniques for numerical calculations. This enables one to develop a fast iterative procedure for the calculation of temperatures in the deposits with arbitrary shapes.
When the linearized temperature at the surface of the deposit D h (x,y) ͑x, y are the coordinates in the plane of the substrate͒ is known, it can be recalculated into the temperature T h (x,y) via the inverse Kirchhoff transform. 1, 17 Our goal is to apply this algorithm to the description of laser direct writing. For this reason, we write the equation of growth in the coordinate system fixed with the laser beam ͑positioned at xϭ0, yϭ0͒. The beam moves with respect to the substrate in the positive x direction with the scanning velocity s ‫ץ‬h ‫ץ‬t
Here, h(x,y,t) is the height of the deposit, "h is the 2D gradient of the height in the x -y plane, and W is the growth rate at the particular point, which is assumed to depend on temperature only. The term under the square root accounts for the fact that growth takes place along the normal to the deposit at each point. 18, 19 For ''flat'' deposits with "hӶ1, this term can be neglected.
Equation ͑2.1͒ is solved numerically by the finite differences on a mesh, which is taken to be uniform, in order to use the FFT for the temperature calculations. The equation is split up into two parts, the growth part and the advective part ͑second term on the right side͒. The advection was performed by shifting the height array one spatial mesh step dx to the negative x direction after a constant time interval ϭdx/ s . This is a standard upwind scheme, which allows avoiding any distortion of Fourier harmonics during advection. 20 The growth part of the problem can be treated numerically in different ways. In the simplest approach, the height is calculated at the new time step by the explicit scheme. Here, the temperature T h (h) is calculated for the height profile at the previous time step by the algorithm.
17
"h is calculated by symmetric differences ‫ץ‬h/‫ץ‬xϭ(h iϩ1 Ϫh iϪ1 )/2dx, etc.
Another approach is similar to the two-step LaxWendroff procedure. 20 Here, each time step dt for the growth process is subdivided into two half steps. For the first half step, "h is calculated from the four nearest points comprising a rectangle in the x -y grid. After that, the half-step height in the middle of a rectangle is determined by the explicit scheme. Here, the temperature that is used in the rate function in the center of the mesh rectangle is taken as an average from the temperature in its corners. Then, the halfstep temperature is calculated for the half-step height and finally, the full-step height is calculated by using the halfstep temperature in the rate function, and half-step height for the calculation of "h ͑also by the four points of the rectangle͒. Because this scheme has second-order accuracy in time, it permits bigger time steps. Other variations of this two-step procedure were tried as well. Variable time steps were usually employed with the limitations for the maximal possible relative and/or absolute increase in height per step. The reliability of the computational procedure was controlled by changing discretization, time steps, and accuracy in a wide range.
The most time-consuming part of the algorithm ͑tem-perature calculations͒ has iterative character. 17 This significantly decreases the computational time, because the geometry of the deposit changes only slightly during one time step.
III. OSCILLATIONS DUE TO CHANGES IN ABSORPTIVITY WITH TEMPERATURE
Oscillations in the width and height of stripes deposited on glass substrates by pyrolytic laser direct writing of W from WCl 6 H 2 were reported for the first time in Ref. 21 . This effect was studied in further detail in Ref. 6 . It was found that during deposition, the absorptivity of the deposited tungsten changes almost twice, most probably due to the presence of a very small amount of oxygen in the reaction chamber.
A semiquantitative explanation of this effect was given in Ref. 22 . The physical mechanism for the oscillations is the following: with constant absorptivity, lines are uniform. However, if the absorptivity increases with temperature in a certain temperature interval, the temperature, and thus, the growth rate spontaneously increase. This leads to an increase in the cross section of the deposited line and a subsequent temperature drop due to the increase in the heat transport along the line. Then the process repeats. For the existence of the oscillations, it is necessary that the increase in absorptivity with temperature is sharp enough, i.e., the energy input into the system increases faster than the energy losses.
Subsequently, we apply the developed numerical algorithm to the quantitative modeling of the oscillations observed.
If absorptivity A does not change with temperature, a uniform line is produced ͑Fig. 1͒. The parameters employed in the numerical calculations are listed in the Table I and in the figure captions. The following growth rate was used
͑3.1͒
Here, T th characterizes the threshold temperature at which deposition starts, 23 ␦T th defines the sharpness of this threshold, T a is the Arrhenius activation temperature, and W 0 the corresponding preexponential factor.
The main features of deposition with constant absorptivity are the following: The temperature near the position of the laser beam increases with the scanning velocity, due to the decrease in the cross section of the stripe, which is a good heat conductor. The height and width of the deposited lines are almost proportional to the laser power. For this reason, the deposition temperature of the stripes, which are wider than the laser beam spot size w 0 , depends only slightly on laser power. For the deposition of W from WCl 6 /H 2 , there exists a sharp threshold temperature. As a result, the width of the stripes depends on s in a nonmonotonous way, first it increases, and then it decreases. A detailed explanation of this behavior can be found in Refs. 15 and 16. If the absorptivity A(T) sharply increases near a certain temperature T Ab ͑subscript ''Ab'' stands for absorptivity͒, and if the laser-induced temperature near the beam center is close to T Ab , oscillations may arise. Henceforth, we use a steplike function
where the absorptivity increases within the temperature interval ␦T Ab near T Ab , A 0 is the absorptivity at low temperatures, and A 1 the absolute change in absorptivity. The exact behavior of A(T) outside of the region around T Ab is unimportant, and Eq. ͑3.2͒ can be thereby employed in many cases. The increase in absorptivity can have different physical origins. It may be related to the microstructure of the deposit, to its chemical composition, the formation of a thin oxide layer, etc.
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The calculated line shape and temperature profile are shown in Figs. 2͑a͒ and 2͑b͒. The line profile agrees quite well with that experimentally observed ͑Fig. 3͒, ͑for more details see also Refs. 6 and 1͒. The temporal evolution of the calculated deposition process can be described as follows. When the cross section of the stripe becomes large, the temperature drops, and the absorptivity decreases to the lowest value A 0 . Then, the deposition practically ceases until the laser beam reaches the edge of the deposit. Subsequently, both the temperature and the absorptivity increase, and a new deposition ''burst'' occurs. Here, the deposition proceeds ahead of the laser beam. A similar behavior was observed in Ref. 6 . The highest temperature is achieved in this phase, which explains the experimental findings that the linewidth has minimum values slightly after the regions with the maximum line height ͓compare Fig. 2͑a͒ and Fig. 3͔ .
It is instructive to study the temporal evolution of the height and temperature in the region near the position of the laser beam ͑Fig. 4͒. Note, that the time dependence h(t) differs from the spatial profile of the height in the center of the line ͓Fig. 2͑a͔͒, because growth continues also behind the laser beam. Figure 4 shows sharp jumps in the temperature and a much smoother behavior of the height. A similar be-
Units: Material T Ab ϭ1500 K, and ␦T Ab ϭ10 K. Other parameters as in Fig. 1 .
havior was found with the simplified model, which uses two ordinary differential equations. 22 This implies that the main features of the deposition dynamics can be understood in terms of only two ''order parameters'' h and T, the latter being the fast variable.
The dependence of the spatial period of oscillations, ⌳, on laser power P is shown in Fig. 5͑a͒ together with the maximum and minimum height of the deposited line. The same dependences on scanning velocity are shown in Fig.  5͑b͒ . Oscillations exist only in a finite interval of P and s . 6, 22 Both h and ⌳ increase almost linearly with P. ⌳ increases also with s . In the region of uniform growth ͑Fig. 1͒, h decreases with s . All of these dependences agree within 15%-20% with those observed experimentally. 6 An even better agreement would require the exact knowledge of A(T) and heat conductivity K D (T), which may differ from that of bulk tungsten. Additionally, experimental parameters, such as the laser power and spot size are also measured with an accuracy of only about 5%-10%.
Another interesting point is the behavior of h near the limits of existence of oscillations. h jumps to lower/higher values at laser powers and scanning velocities below/above the region of oscillations. Consider, for example, the decrease in laser power. As long as oscillations exist, the system periodically reaches the ''high-temperature state'' with a high absorptivity near the center of the laser beam. This occurs when the height passes its minimum ͑see Fig. 4͒ . When the oscillations disappear, the deposit near the laser spot is always in the low-temperature ͑and absorptivity͒ state. Thus, below the oscillation threshold, the deposition rate and the height of the stripe will be smaller than that corresponding to the minimal height within the oscillating line. Similar considerations apply to the upper boundary of existence of oscillations with respect to P or s .
IV. OSCILLATION OF LINES WITH HIGH ASPECT RATIO
Another interesting, and more general type of oscillations arises when the aspect ratio ⌫ϭh/r, 2r being the linewidth, becomes of the order of unity ͑thick stripes͒. An example is the deposition of Si from SiH 4 onto quartz substrates. 7 Here, oscillations are observed with increasing ⌫ ͑mainly due to an increase in h͒, irrespective of whether this is caused by an increase in P or decrease in s . An example for the former case is shown in Fig. 6 . When decreasing s , or increasing P even further, a series of almost equidistant fibers popping up from the substrate is formed. A similar behavior was observed during deposition of C from CH 4 , C 2 H 2 , and C 2 H 4 onto different substrates. 8 Subsequently, we apply our algorithm to the deposition of Si from SiH 4 . The parameters employed are included in Table I Fig. 7 illustrate the influence of different parameters onto calculated dependences. The direction of the arrows shows the shift in the dependence with an increase of the corresponding parameter, when all other parameters are kept constant. The parameters are listed in an order that reflects the decrease in the magnitude of the changes. For example, T c increases with T a and P, but decreases with heat conductivities K D and K S . An increase in the laser-beam spot size w 0 and the pressure of the precursor ͑preexponential factor W 0 ͒ also decreases T c . Within a certain range, r is almost independent of P and K D . Both h and r decrease with increasing T a because the growth rate increases with temperature more sharply and all changes take place within a smaller spatial region. When s becomes small enough, damped oscillations in the height of the stripes appear. If s is even further decreased, persistent oscillations are observed. In Fig. 7 , h max corresponds to the maxima of these oscillations. With very low velocities, the oscillations become unstable, and the ''humps'' are transformed into fibers, which grow towards the laser beam ͓Fig. 8͑a͔͒. The corresponding temperature distribution is shown in Fig. 8͑b͒ . A similar sequence of deposition regimes is obtained if the laser power is gradually increased. Subsequently, we analyze the main reasons for this behavior.
One reason is a nontrivial dependence of T c on h. Let us demonstrate this by studying the changes in T c at the top of a spot-shaped deposit, which shall be a much better heat conductor than the substrate. The radius of the deposit shall be fixed. The light shall be absorbed at the upper surface, which is a good approximation for metals and also for semiconductors at elevated temperatures. Initially, T c will decrease with h due to a better lateral heat conduction within the thicker spot. When ⌫ϭh/r becomes comparable to unity, T c starts to increase due to the increasing temperature difference within the deposit in the direction normal to the substrate surface. This results in a positive feedback, which Table I . Arrows indicate the influence of different parameters on the calculated dependences as described in the text. Near s ϭ60 m/s, a transition to explosive growth occurs.
leads to explosive growth. 17 A similar behavior holds for stripes, as discussed for the 1D approximation. 16 This mechanism is dominating for Si deposition.
Another reason is related to the front edge of the thick stripes. Because growth takes place normal to the surface, the front edge of the stripes is even narrower than the width of the reaction zone. At very small s , it flips over. 18 Further complications arise from the decrease in absorptivity via the oblique incidence of the laser beam on the steep front edge, which may terminate the deposition process. This mechanism may also contribute to the oscillatory behavior.
A third reason is related to the fact that both the width of the deposited line and the temperature distribution exceed that of the laser beam. As a result, the maximal temperature ͑which is achieved on the front slope of the deposited line͒ is mainly determined by the cross section of the line behind the laser beam, i.e., by the parts of the stripe deposited previously. This may lead to an inertial feedback. 24 These three factors influence the deposition dynamics in different ways. A numerical analysis shows that the latter mechanism ͑delayed feedback͒ alone, does not produce oscillations, in contrast to the former two. The region of the parameters where oscillations occur may change significantly if any of the mechanisms are ''switched off.'' In the general case, the first two mechanisms cannot be separated because both of them become important with ⌫ϳ1.
V. HYSTERESIS IN THE TRANSITION FROM LINE-TO FIBER-TYPE GROWTH
In contrast to the oscillating regime of line-type growth, the regime of fiber-type growth ͑Fig. 8͒ can be explained only by the increase in T c with h. The fiber grows towards the laser beam in a quasisteady regime. 19 The focused laser beam diverges, and its size becomes comparable to the diameter of the fiber. As a result, the absorbed laser power decreases, growth terminates, and the laser beam again reaches the substrate. A new fiber grows in the region where no deposited line is present. Then the process repeats, and a series of separated fibers is formed.
The transition between the two regimes ͑Fig. 9͒ shows a pronounced hysteresis with laser power and scanning velocity. 7, 8 The physical reason for this can be illustrated as follows: Consider an increase in laser power ͑line-fiber transition͒. The formation of a fiber occurs around a certain temperature. If the laser power is decreased ͑fiber-line transition͒, this temperature is reached at a lower value of P, just because the heat loss into the deposited stripe is absent. A similar picture is observed if s is decreased for the linefiber transition and then increased to restore continuous deposition.
The hysteresis has also been simulated. However, the difference in temperature distributions for lines and spots was found to be so large that the calculated s for fiber-line transitions were much higher than the experimental values. As a result, the width of the hysteresis was significantly overestimated. The reason for this inconsistency is that with the laser powers employed, the temperature that is induced at the substrate in the initial stage of growth is very high. With such temperatures, the deposition reaction becomes transport limited and the growth rate can be approximated by 
͑5.2͒
Here, d and g are the densities of the deposited species in the solid and the gas phase, respectively. D is the gas-phase diffusion coefficient, and R the radius of the reaction zone. The temperature dependence of a is weak in comparison to the exponential function and it was ignored. Because of the uncertainties associated with Eq. ͑5.2͒, a was considered as a fitting parameter. With the experimental setup employed, transport limitation starts around TϷ1500 K. 25 This can be described by Eq. ͑5.1͒ with aϭ8ϫ10 5 , which was used in the calculations.
Because the characteristic temperatures for the deposition of thick lines are rather low ͑Fig. 7͒, transport limitations play an important role only in the initial stage of growth. The initial radius of the growing spot is determined by the area where the temperature induced on the substrate exceeds the temperature at which diffusion limitations start. As a result, this radius is much wider than it would have been in the case of a kinetically controlled process. An increase in the initial radius of the spot leads to a narrowing of the hysteresis with respect to P and s because it facilitates heat conduction into the substrate, thus, lowering the temperature of the spot.
If the scanning velocity is gradually lowered to s ϭ65 m/s, simulations result in oscillating lines. When no line is initially present, the formation of a fiber is observed for the same set of parameters ͓Fig. 10͑a͔͒. When the scanning velocity is increased up to 75 m/s, fiber formation ceases and, after a transition regime ͓Fig. 10͑b͔͒, a continuous line is formed. The transient profiles are quite similar to those observed experimentally ͑Fig. 9, lower scan͒.
The temporal dependences of h and T c ͑near the position of the laser beam͒ are illustrated in Fig. 11 for s ϭ65 m/s and s ϭ75 m/s. If the scanning velocity is high enough, the transition to explosive-type growth does not occur. Figure 12 shows the calculated boundary, which separates regions of continuous line-type deposition and fibertype growth as a function of scanning velocity and laser power. This behavior agrees quite well with that observed experimentally. 8, 16 An additional note seems to be appropriate. The accuracy of the numerical simulations is determined by the accuracy to which the thermophysical parameters and the real dependence of the absorptivity on temperature are known. For the W system, this accuracy is high enough to achieve quantitative agreement with the experimental results. In the case of Si, however, only a semiquantitative agreement was achieved. This is mainly due to the strong temperature dependence of the heat conductivity of silicon and the high activation energy of the SiH 4 decomposition reaction. Thus, even small uncertainties in parameters, or small systematic errors in the algorithm for Si may produce significant deviations from the experimental data, especially with respect to the scanning velocity, which is almost exponentially related to the calculated temperature.
VI. CONCLUSIONS
We have presented numerical simulations of pyrolytic laser direct writing based on a fast algorithm for temperature calculations. 17 This approach allows one to model oscilla- tions observed in laser CVD. These oscillations are caused by the coupling of the shape of the deposit and the temperature distribution induced by the laser beam.
In the case of W deposition from an admixture of WCl 6 ϩH 2 ϩO 2 onto a-SiO 2 substrates, the oscillations in height and width of deposited lines are due to a sharp increase in the absorptivity of the deposit within a narrow temperature interval. 16, 22 Simulations reproduce the dependence of the period of oscillations on laser power and scanning velocity, and they also explain the shape of deposited lines.
With the deposition of Si from SiH 4 onto a-SiO 2 substrates, the oscillations are caused by temperature differences between the upper surface of the deposit and the substrate. With decreasing scanning velocity or increasing laser power, initially continuous lines show oscillations, mainly in height, and a transition to explosive-type growth results in fiber formation.
The hysteresis in this transition with increasing/ decreasing laser power/scanning velocity can be explained as well.
The proposed algorithm allows a quantitative selfconsistent analysis of the pyrolytic deposition of microstructures. It can also be used for the modeling of pyrolytic etching and e-beam microprocessing when feedbacks between temperature distributions and changes in processing geometries are important.
